Abstract Sciatic nerve injury and dysfunction is not an uncommon cause of lower extremity symptoms in a musculoskeletal practice. We present the case of a man who presented with lower extremity weakness, pain, and cramps, and was initially diagnosed at an outside institution with bilateral S1 radiculopathies and recommended for spine surgery. He came to us for a second opinion. Electrodiagnostic testing revealed an isolated sciatic neuropathy and the patient was referred for imaging, which showed a sciatic nerve sheath tumor. Review of the literature on sciatic neuropathies shows that there can be many possible etiologies of sciatic nerve dysfunction, but that hip arthroplasty continues to be the leading risk factor. Sciatic nerve tumors are not commonly described in the literature and their definitive management remains unclear.
The patient had his first episode of back pain 16 years earlier, at which time he responded to a treatment of acupuncture and stretching. He had occasional recurrent symptoms but did well until 4 years ago, when he began to experience pain predominantly down the right lower limb and sciatica. He underwent a course of physical therapy and trigger point injections and his symptoms resolved. He was then relatively well until the current episode.
The patient underwent electrodiagnostic testing several weeks after the onset of his presenting symptoms. As per written reports presented by the patient, abnormal spontaneous activity was detected in isolation in the right and left gastrocnemius muscles. There was no involvement of any of the proximal muscles including the paraspinal muscles. The patient was diagnosed with bilateral S1 radiculopathies. A recent magnetic resonance imaging (MRI) showed mild disk bulges and disk degeneration most pronounced at the L4/5 level, without significant foraminal or canal compromise. This study, in comparison to a study performed 4 years earlier during the patient's prior episode of right-sided sciatic complaints, showed no significant changes.
Except for this main complaint, the patient's medical history was significant only for hypertension and partial amputation of the left thumb secondary to trauma. The patient had no medication allergies and was taking p.r.n. narcotic pain medications, antihypertensive pain medication, and Neurontin for symptom control of paresthesias. His family history was significant for cancer. He was a married nonsmoker who did not drink alcohol. The patient's symptoms limited his work to several hours of desk work a day.
During physical examination, the patient ambulated with a nonantalgic gait. All dural tension signs were negative. Lumbar flexion and extension were minimally restricted and without end range pain. Muscle bulk was symmetric in the upper extremities and asymmetric in the lower extremities with significant left calf atrophy, and with no fasciculations. Overall tone was normal. Strength was measured on MRC scale as 4/5 in the left ankle dorsiflexors, 4+/5 in the left hamstrings, and 4+/5 in the left hip abductors with normal strength in all other muscle groups tested in the bilateral upper and lower extremities. Deep tendon reflexes were 2+/4 in bilateral quadriceps, 2+/4 in the right Achilles, and 1+/4 in the left Achilles. Deep tendon reflexes were 2+/4 in the left upper extremity and 1+/4 in the right upper extremity. Sensation was diminished to pinprick along the lateral aspect of the left foot, the fifth toe, and the left heel. Vibratory sensation with a 256-MHz tuning fork appeared to be normal. Position sense was normal. Tibial pulses were 2+ bilaterally, and capillary refill was normal. There was no peripheral edema.
After initial evaluation and examination, the patient was referred for electrodiagnostic testing with an initial diagnosis of left S1 radiculitis vs sciatic neuropathy. Electrodiagnostic testing was performed 1 week after initial examination. Nerve conduction studies showed an absent left sural sensory response, normal right sural, and bilateral superficial peroneal sensory amplitudes. The left peroneal and tibial motor amplitude were normal. The left peroneal and tibial F waves were normal. Needle electromyographic examination showed abnormal spontaneous activity in the form of positive sharp waves and fibrillation potentials with normal motor unit configuration and reduced recruitment in muscles corresponding to the left sciatic nerve, including the left long head of the biceps femoris, extensor digitorum brevis, tibialis anterior, extensor hallucis longus, first dorsal interossei (foot intrinsics), and medial gastrocnemius. The left gluteus maximus, tensor fascia lata, and paraspinal muscles were normal. Electromyographic examination of muscles in the right lower extremity showed normal results.
Electrodiagnostic impression was of a left sciatic neuropathy. The patient was referred for a noncontrast MRI of the pelvis with attention to the left sciatic nerve. In these images, a 2.8-cm intermediate focus of abnormal signal in the region of the left S1 neural foramen and around the nerve as it exits from the sacrum was observed (Fig. 1) . The nerve adjacent to this was thickened with lobulation anteriorly, high signal adjacent to the bone, and high signal extending through the distal course of the left sciatic nerve, without distal thickening. Further MRI of the pelvis with contrast was obtained and this showed a 2.4-cm area of enhancement and thickening of the left S1 nerve with nodular areas of enhancement on the posterior aspect (Fig. 2) . These findings were deemed to suggest the presence of a nonaggressive nerve sheath tumor although the pattern of enhancement given the two locations was not entirely typical.
Consultations with surgical pathologists and orthopedics were conducted to discuss management options for this patient. The patient's symptoms remained stable during this time. Upon review of the case and presentation in multidisciplinary grand rounds, it was felt that the tumor was most likely a benign neural sheath tumor. Surgical approach to this nerve sheath tumor involved significant risk to adjacent structures, and tissue diagnosis was deferred. Conservative management was advocated with repeat electrodiagnostic examination at 3 months showing no worsening of nerve function, stable gait, and stable neurologic deficits. The patient would be monitored every 4 -5 months and intervention planned if functional deficits or lower extremity pain worsens.
Etiologies of sciatic neuropathy
The sciatic nerve derives its nerve fibers from the L4, L5, S1, S2, and S3 nerve roots. The sciatic nerve arises from the lumbosacral plexus and is composed of two distinct trunks: the lateral (peroneal division) and the medial (tibial division). The peroneal and the tibial divisions lie next to each other to form the sciatic nerve. The divisions physically separate from each other at the midthigh to the distal thigh to form the common peroneal and tibial nerves. Occasionally, the divisions separate at the proximal thigh [1] .
Sciatic neuropathy can be the result of any focal lesion of the nerve in the hip or thigh, distal to the lumbosacral plexus but proximal to the separation of the nerve into its distal branches. The lesion can involve demyelinative injury, axonal injury, mixed axonal and demyelinative injury, or partial or complete nerve discontinuity [2] . Etiologies of sciatic neuropathy can include traumatic, compressive, ischemic, neoplastic, or idiopathic etiologies. Traumatic injuries can include injury to the sciatic nerve in association with femur fracture, hip dislocation or fracture, laceration, gunshot wound, or posterior thigh compartment syndrome [1, 3, 4, [24] [25] [26] . Compressive injuries can include compression from compartment syndrome, hematoma, hamstring injuries, fibrous bands, persistent sciatic artery, or controversially, from piriformis syndrome [6, 7, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Reported injuries relating to the perioperative period include injury from ischemia and positioning during cardiac surgery, lithotomy position, vaginal delivery, prolonged sitting as in some craniotomy or other neurosurgical operative positions, or nerve injury from a variety of causes during and after hip arthroplasty [1, 14, 15, [36] [37] [38] [39] [40] [41] . In a review of reported cases of sciatic neuropathy in the English literature from 1966 until 1997, 33% (167/492) of reported cases were attributable to or related to hip surgery and represented the most often reported cause of sciatic neuropathy [3] . Other commonly reported causes included injury relating to intragluteal injection (28%), hip fracture or dislocation (10%), external compression (8%), and benign or malignant tumors (8%) [3, 19] .
Yuen and Onley [5] examined the clinical features of 73 consecutive patients referred for electrodiagnostic evaluation of sciatic neuropathy. Etiologies of these 73 cases included hip arthroplasty (21.9%), acute external compression (13.7%), infarction (9.6%), gunshot wound (9.6%), hip fracture/dislocation (9.6%), femur fracture (4.1%), contusion (4.1%), and uncertain causes (16.4%). Moderate or better recovery, defined as improvement to MRC grade 2/5 strength or improvement of two grades on the MRC scale, occurred in most patients (30% by 1 year, 50% by 2 years, and 75% by 3 years) [5] . An initial absence of paralysis of muscles controlling ankle dorsiflexion and plantar flexion was a significant (p < 0.05) predictor of earlier or better clinical recovery.
Severe, traumatic, or refractory sciatic neuropathy that does not show improvement over time may be referred for surgical exploration. In a retrospective series of 353 surgically treated traumatic buttock and thigh level sciatic nerve lesions from 1968 until 1999, Kim et al [4] found an equal proportion of buttock-and thigh-level injuries. Of these, gunshot wounds represented 22% of all injuries; intramuscular intragluteal injections of analgesic and antiemetic drugs or antibiotics, steroids, or local anesthetic agents represented 18% (all buttock level injuries); whereas stretch injury associated with hip and femoral fractures and dislocations accounted for 17% of all injuries. In this series, hip arthroplasty accounted for less than 5% of the cases. The relatively decreased incidence of hip arthroplasty cases in this surgical series may be related to the higher prevalence of gunshot wounds and intragluteal injections in earlier decades, increasing prevalence of hip arthroplasty in recent years, and-if we assume equal referral patterns of lesions due to hip arthroplasty and other causes of sciatic neuropathy-perhaps fewer refractory 
Differential diagnosis of sciatic neuropathy
Sciatic neuropathy may present with motor and sensory deficits that may mimic other neuropathies and radiculopathies in the lower extremity. A complete sciatic nerve lesion, proximal to the innervation to the hamstrings, can present with sciatic distribution pain and paresthesias, difficulty with knee flexion, and a flail foot with loss of dorsiflexion, plantarflexion, invertors, and evertors [4] . Sensory loss in a complete lesion involves the posterior thigh, lower lateral leg, and the entire foot [4] . These findings may also occur with lumbosacral plexus lesions or polyradiculopathy. Sciatic injury that spares the hamstrings will allow the patient to extend, lock, and flex the leg, but assistance from orthotics is often required for functional gait because of loss of dorsiflexion and impaired plantarflexion [4] . Sensory and motor deficits in more distal injuries will be more focal and may mimic tibial or peroneal mononeuropathies or L5 and S1 radiculopathies. In these cases, careful examination of muscles in the buttocks innervated by the L5 and S1 nerve roots, but not innervated by the sciatic nerve, can help differentiate between diagnoses. When physical examination and clinical history are not conclusive, electrodiagnostic evaluation may help localize the nerve injury. The utility of emerging radiographical techniques such as MR neurography and visualization of denervated muscles by gadoliniumenhanced MRI has yet to be established in studies of sufficient numbers of patients [8, 9] .
In the general population, sciatic neuropathy as a cause of lower extremity weakness or sensory deficit is considerably less common than other etiologies. In a retrospective series of 303 consecutive patients evaluated for footdrop over an 18-month period in one electrodiagnostic laboratory, etiologies of footdrop consisted of 31% central nervous system causes and 68% peripheral nervous system causes [10] . Among the peripheral nervous system causes, the most important subgroups included common peroneal nerve lesions (30.6%), L5 radiculopathies (19.7%), and polyneuropathies (18.3%). Pure sciatic neuropathies were, as expected, an uncommon diagnosis in routine electrodiagnostic studies. Separately, Van Langenhove et al also examined cases of sciatic nerve neuropathy seen over a 7-year period in one electrodiagnostic laboratory. Three fourths of sciatic neuropathies were attributable to traumatic causes, and the majority of cases involved the peroneal division of the sciatic nerve [10] .
It is generally accepted that the peroneal division of the sciatic nerve is more commonly and often more severely affected than the tibial division in sciatic nerve injury. Reasons for susceptibility of the peroneal division to injury have been discussed in the literature [1] [2] [3] [4] [10] [11] [12] . Anatomic reasons for susceptibility of the peroneal division in traumatic and compressive injuries include its superficial location relative to the tibial division in the hip and proximal thigh, and its fewer and larger fascicles and less supportive endoneurium and perineurium relative to the tibial division. The peroneal division also has a smaller blood supply compared with the tibial division. In addition, the peroneal division is securely fixed at both the sciatic notch and the fibular neck, making it more susceptible to stretch injuries. The tibial division is only fixed at the sciatic notch, and not as tightly secured distally. The tibial division primarily innervates two large, bulky muscle groups-the hamstrings and the gastrocnemius-soleus complex-which are thought to need less reinnervation after injury to produce functional muscle contraction [4] . In contrast, the peroneal division innervates the long, relatively thin extensor muscles of the anterior compartment of the leg, requiring coordinated nerve input for effective muscle contraction to produce functional dorsiflexion during gait [4] . Coordinated nerve input may be less likely to occur through reinnervation after nerve injury.
Because the peroneal division of the sciatic nerve is more commonly and severely affected than the tibial division, sciatic neuropathy can be difficult to distinguish from a peroneal neuropathy [1] . This difficulty is especially evident when nerve conduction abnormalities of the tibial or the sural nerve or electromyographic findings in the short head of the biceps (the only muscle proximal to the knee that is innervated by the peroneal division) are mild.
Electrodiagnostic evaluation of sciatic neuropathy
When clinical history and physical examination are inconclusive, electrodiagnostic evaluation can help establish a diagnosis of sciatic neuropathy and differentiate it from other, more common nerve pathologies. In suspected cases of sciatic neuropathy, electrodiagnosis can also help establish the severity and the chronicity of the lesion. In our case, careful electrodiagnostic examination was essential in differentiating our findings for our patient from the incorrect referring diagnosis of bilateral S1 radiculopathies. In general, sensory nerve conduction studies are expected to be abnormal in sciatic neuropathy or sacral plexopathy and normal in root lesions or radiculopathy. The superficial peroneal sensory and sural sensory amplitudes will often be reduced. Motor amplitudes may be reduced in severe cases of both radiculopathies and plexopathies, but all distal conduction velocities will be normal. If the peroneal division is more severely affected, sensory amplitudes may be close to normal in the sural nerve. In cases of suspected lumbar plexopathy, saphenous nerve conduction studies may be used to investigate L4 nerve root or lumbar plexus involvement. Needle examination in a study of peroneal division sciatic neuropathy should include a study of the short head of the biceps femoris to differentiate sciatic neuropathy from peroneal mononeuropathy. Needle findings in sciatic neuropathy may include only subtle findings in tibial-innervated muscle, depending on the extent of involvement of the tibial division. In cases of suspected radiculopathy, the paraspinal muscles and gluteal muscles innervated by the involved nerve root are usually involved. These muscles are typically spared with a sciatic neuropathy although a very proximal lesion involving the lumbosacral plexus may affect the proximal gluteal muscles. Chronicity of nerve injury may be determined by examination of the amplitude, duration, and configuration of the motor unit.
Yuen et al [13] studied the electrodiagnostic features of sciatic neuropathy in 100 consecutive patients seen in their electrodiagnosis laboratory. Ninety-three percent showed evidence of significant axonal loss and 7% of patients had evidence of solely demyelinative injury. The peroneal division was more severely affected than the tibial division in 64% of cases and equally affected in 38%. In only eight cases was the tibial division more severely affected. Seven of these eight cases were due to gunshot wounds or femur fracture. Ninety-two percent of cases demonstrated abnormal tibialis anterior electromyograms (EMGs). A recordable compound muscle action potential of the extensor digitorum brevis at initial examination was significantly associated (p < 0.025) with earlier or better recovery of nerve function [5] .
Nerve palsy and hip arthroplasty
Despite the advances in surgical technique, hip arthroplasty remains a significant risk factor for sciatic neuropathy. The prevalence of nerve palsy associated with total hip replacement varies by institution but is generally low. Schmalzried et al [14] reviewed 32 studies from 1966 until 1996 including 34,335 hip arthroplasties, and found 359 reported cases of nerve palsy for an overall prevalence of 1%. Incidence of nerve injury reported varied from 0.08% to a high of 7.5% reported in series of revision cases. Twenty-eight of the studies reviewed by Schmalzried et al detailed which specific nerve was injured during arthroplasty. Of these, 52% of injuries occurred in peroneal nerves, 28% in sciatic nerves, and 13% in femoral nerves. Based on the data, the authors cited a threefold higher risk of nerve palsy in revision surgery and a twofold higher risk of nerve palsy in women.
A recent review by the Mayo Clinic [15] examined data from 27,004 primary total hip arthroplasties performed at the Mayo Clinic from 1970 until 2000. Forty-seven patients (0.17%) with documented postoperative motor nerve dysfunction were identified. Twenty-six of these nerve injuries were diagnosed within 24 h of surgery. The remaining cases were diagnosed 2-74 days postoperatively. Hip arthoplasties performed for posttraumatic arthritis or developmental hip dysplasia were almost four times more likely to have postoperative nerve palsy. The use of a posterior approach, lengthening of the extremity, or cementless femoral fixation was also associated with a significantly increased risk of postoperative motor nerve palsy. Thirty-six percent of patients with complete motor nerve palsy had complete recovery of their strength over an average of 21.1 months. The Mayo Clinic data represent the largest series and one of the lowest incidences of hip arthoplasty and associated nerve palsy reported in the literature. The low incidence of postoperative motor nerve palsy contrasts with work carried out by Weber et al [16] in 1976 and repeated by Weale et al [17] in 1996 showing an incidence of subclinical nerve injury of up to 70%. The difference may lie in the distinction between subclinical nerve injury that resolves transiently and improves with rehabilitation, and with documented nerve palsy that is less likely to recover.
Multiple etiologies for sciatic nerve injury in association with hip arthroplasty are cited in the literature. In Schmalzried et al's [14] meta-analysis, approximately half of the cases of perioperative nerve palsy were unexplained. Direct trauma, tension, and bleeding or hematomas accounted for 19%, 20%, and 11% of cases, respectively [14] . In the Mayo Clinic series, 45% (21/47) cases were of unknown etiology. Presumptive etiologies in the remaining cases were hematoma (17%), limb lengthening (17%), traction or retractors (15%), partial laceration (4%), and compressive dressing (2%). Other etiologies for nerve palsy, including sciatic nerve palsy, after hip arthroplasty have been proposed. These include direct nerve injury, injury from retractors, and postoperative hematoma [14, 15, 21, 29, 57] . Delayed-onset sciatic injury from methylmethacrylate [49] , trochanteric wire [48] , prosthetic dislocation [57] , acetabular reinforcement rings [21, 47] , and wear debris causing an inflammatory reaction and cystic masses compressing the sciatic nerve [18] have also been reported. A recent report suggests that intraoperative retraction of a piriformis muscle through which sciatic nerve fibers penetrate as an anatomic variant could cause what has before been viewed as idiopathic cases of postoperative sciatic neuropathy [22] .
The risk factors for a sciatic nerve injury in patients undergoing hip athroplasty have not been established. They are probably multifactorial, but we believe that underlying spine pathology such as foraminal and/or spinal stenosis may make the sciatic nerve more susceptible to any manual traction.
Sciatic nerve tumors
Neoplastic involvement of the sciatic nerve has been reported in soft-tissue malignancies [50, 51] , sarcoidosis [52] , lymphoma [53, 54] , and infiltrating intermuscular lipoma [46] . Primary tumors of the sciatic nerve include schwannomas, neurofibromatosis, neurolymphomatosis, and malignant neurofibrosarcomas [20, 23, 42-45, 55, 56] . Although many case reports appear in the literature on neoplastic involvement of the sciatic nerve, there are few published reports on long-term outcomes or comparisons of conservative and aggressive management options for primary nerve tumors.
A series from the Mayo Clinic documents 35 cases of neurogenic tumors of the sciatic nerve [21] . Early surgical therapy was advised including simple enucleation for neurilemomas, total or subtotal excision of neurofibromas with preservation of the nerve trunk, and disarticulation of the hip joint or hindquarter amputation in the highly malignant neurofibromas [21] . In another series from the University of Pennsylvania, six cases of schwannomatosis, multiple schwannomas in the peripheral or central nervous system without evidence of neurofibromatosis, some of which involved the sciatic nerve, were retrospectively reviewed. Surgery was indicated for symptomatic lesions, while asymptomatic lesions were advised to be followed conservatively [23] .
Benzel et al [20] retrospectively described eight patients with sciatic nerve and sacral plexus tumors. These patients were divided into four groups: group I tumors were in a subgluteal or thigh location, group II tumors involved the neuroforamen, group III tumors were intrapelvic with extension into the thigh, and group IV tumors were intrapelvic without extension into the thigh. All four group I patients in Benzel et al's series underwent surgical debulking or excision of the tumor without sequelae. The authors recommend a surgical approach that preserves all but one of the nerve fascicles by sequentially peeling the nerve from the tumor in a bucket-handle fashion. Two cases of group II tumors each had extensive surgery to remove portions of the tumor both proximal and distal to the neuroforamen. The authors [20] note that Bthe surgical approach to the proximal neuroforamina is straightforward [but] the distal neuroforamina, a Fno man's land,_ is nearly impossible to reach without an extensive retroperitoneal dissection with a less than optimal chance for cure^by excision alone. Benzel et al [20] conclude that a conservative nonoperative approach should be considered in asymptomatic and/or neurologically stable patients, and an operative approach should be considered when imaging and the tumor location make total surgical extirpation without sequelae possible.
Conclusion
Our patient, a 52-year-old man with a history of mild intermittent back pain, presented with significant lower extremity pain and weakness, out of character with his prior back pain exacerbations. Physical examination suggested both peroneal and tibial nerve involvement. Initial imaging was negative for any compressive or significant degenerative lesions in the lumbosacral spine. Electrodiagnostic studies led to the diagnosis of sciatic neuropathy. The key findings were an absent left sural sensory response and sparing of the lumbar paraspinal muscles, the tensor fascia lata, and gluteus maximus on EMG testing. In our patient, who had no history of typical risk factors for sciatic neuropathy such as trauma, hip arthroplasty, or intragluteal injection, neoplastic involvement of the sciatic nerve was suspected. Careful imaging of the sciatic nerve with magnetic resonance and limited MR athrography was essential to identify a likely nerve sheath tumor of the left sciatic nerve.
Under Benzel et al's scheme, our patient would be classified under group II because of the foraminal involvement of the S1 nerve root and sciatic nerve. We agree with Benzel et al that the surgical approach to this tumor involves extensive retroperitoneal dissection and associated morbidity. Any future surgical approach to this tumor would be prompted by increasing symptoms or neurologic deficits, and a surgery undertaken would be with the intent of radical resection.
